Summary. The role of myosins for auxin-induced cell division was probed using the inhibitor 2,3-butanedione monoxime in the tobacco cell line VBI-0, where cell elongation and division are axially aligned under the control of auxin. A morphometric analysis revealed that cell division is blocked in a dose-dependent manner, whereas cell expansion continued. In addition, the polarity of terminal cells was impaired resulting in malformed, pear-shaped cells. Early effects of the inhibitor are aberrant features of the cytoarchitecture including a block of vesicle transport, a diffuse broadening of cross walls, and the disorganization of the actin cytoskeleton. The findings are discussed with respect to a possible role of myosins as link between vesicle flow and signal control of cell division.
Introduction
In addition to internal signals, plant growth is controlled by external stimuli that determine cell division and cell expansion. The growth responses to these signals have been shown to be intimately linked to the cytoskeleton. Microtubules (for a review, see Nick 1998) as well as actin microfilaments (for a review, see Staiger 2000) have been shown to link signal transduction to plant morphogenesis.
The role of the actin cytoskeleton in cell growth has been intensively studied for tip-growing cells such as pollen tubes or root hairs (for a review, see Geitmann and Emons 2000) . Not the same attention has been paid to the function of actin for the expansion of the vast majority of cells that are integrated into a tissue such that growth is not localized to narrow regions of the cell. Nevertheless, actin seems to be an essential component of tissue expansion as well because it can be inhibited by blockers of actin assembly such as cytochalasin (Thimann et al. 1992) or latrunculin (Baluška et al. 2001) . Moreover, the response of organ growth to signals such as phytochrome or auxin has been found to be accompanied by corresponding responses of actin microfilaments Nick 1998, Waller et al. 2002) . Thus, the control of cell growth by actin seems to be a general feature of plant cells that is not confined to tip growth.
In contrast to cell expansion, the role of actin during cell division is far from being understood. In sharp contrast to the pronounced ephemerism of microtubular arrays during mitosis, transvacuolar and cortical actin cables persist forming a characteristic structure, termed phragmosome (for a review, see Lloyd 1991) . Due to its high diffraction, the phragmosome is prominent even in bright-field microscopy and has been described as Maltese cross at a time when plant actin was not even believed to exist. The phragmosome was proposed to tether the nucleus in the correct division plane. In addition, actin might provide a kind of "spatial memory" that aligns the microtubular cytokinetic apparatus with the division plane. Positioning of the nucleus by actin cables (Katsuta and Shibaoka 1988) seems to be decisive for the re-formation of the preprophase band that marks the location of the prospective cell plate (Murata and Wada 1991) . This implicates that the spatial control of cell division is based upon actin-dependent intracellular movements. We therefore ventured to ask for the impact of plant myosins on cell division.
In contrast to plants, animal and fungal myosins have been investigated in great detail (for a review, see Sellers 2000) . Meanwhile, myosins are grouped into 18 classes according to the conserved head domain (Yamashita et al. 2000) . This conserved head domain harbors the binding to actin and the ATPase functions and thus the essential components for the power stroke that has been studied at length for the muscle myosin of class II (for a review, see Sellers 2000) . Interestingly, the progressively growing number of sequences for plant myosins fall into only three classes that are separate from the other myosins (for reviews, see Shimmen et al. 2000, Reddy and Day 2001) . Concerning their functions, early studies showed correlations between actomyosin and cytoplasmic streaming (Nagai 1979 ) and gave first indications for the interaction between the power stroke of myosin and organelle translocation (Menzel and Elsner-Menzel 1989) . Although plant myosins have been repeatedly localized with cross-reacting antisera raised against muscle myosin (for a review, see Shimmen et al. 2000) or one recombinant plant myosin (Reichelt et al. 1999) , little is known about their cellular function. In most cases, the specific functions of plant myosins have still to be derived from sequence homologies with nonplant myosins of known function (Mooseker and Cheney 1996) . For instance, from the sequence similarity between the tail domains of class XI with class V myosins the class XI plant myosins have been proposed to be involved in organelle transport (Sellers 2000) .
To identify cellular effects of myosin activity as a framework for subsequent studies on specific myosins, one could use inhibitors that block a target essential for all myosins. Blockers of SH-groups (which are abundant in the myosin head domain) such as N-ethylmalemide or kinase inhibitors such as ML9 can be used to inhibit myosins, but their mode of action is expected to affect unrelated proteins as well (Karlsson and Lindberg 1985, Saitoh 1987) . A more specific target would be the ATPase function that is required for the power stroke and can be blocked by 2,3-butanedione monoxime (BDM). BDM stabilizes the ADP·P i -bound state of myosins and thus halts the release of P i which normally would produce the power stroke (McKillop et al. 1994) . Although BDM has to be administered at high doses when tested in in vitro motility assays, 20 mM BDM still leaves 25% of the activity (Herrmann et al. 1992, Higuchi and Takemori 1989) . However, in contrast to the findings of Cramer and Mitchison (1995) , who showed that the ATPase activity of nonmuscle myosins is inhibited by BDM, the recently published results of Ostap (2003) challenge the use of BDM as a "general" myosin inhibitor.
In addition to its direct effect on the ATPase function of myosins, BDM also has been suggested to affect kinaserelated proteins. This would therefore interfere indirectly with myosins but also with other proteins via different signal pathways (Grabski et al. 1998) . Moreover, a possible impact of BDM on calcium channels has been discussed for animal cells (Sellin and McArdle 1994) . Nevertheless, BDM has been successfully used in plants to test the participation of myosins in a range of cellular functions such as cytoplasmic streaming in Chara corallina (Nagai 1979) , plasmodesmatal closure, maturation of cell plates (Radford and White 1998) , anisotropic cell elongation (Baskin and Bivens 1995) , or the movement of Golgi stacks (Nebenführ et al. 1999) . In vitro studies with myosin fractions isolated from lily pollen tubes show reduced motility after treatment with BDM and a plant myosin VIII failed to preserve its characteristic distribution in the presence of BDM (Samaj et al. 2000) . Taken together, BDM seems to be a useful drug for myosin-related observations. However, its mode of action on individual plant myosins and possibly additional cellular targets remains to be elucidated.
To test a possible role of myosins in cell division, we analyzed the effect of BDM in the tobacco cell line VBI-0. This cell line is characterized by axial cell division and cell expansion that can be triggered by auxin and produce pluricellular, polar cell files (Petrášek et al. 1998) . Cell division can therefore be controlled by a specific signal, the cells are large and well suited for cell-biological studies, and the axiality of division and expansion is well defined. Therefore, this system is ideal for cell-biological studies on the spatial control of cytokinesis. Using this system and BDM as inhibitor of myosin action, we addressed the question which events of cell division depend on myosins. We found that BDM blocked cell division at conditions that still allowed cell expansion to proceed and identified vesicle traffic, cell plate formation, and actin organization as myosin-dependent events. This can be used in future studies to allocate these cellular events to the respective subclasses of plant myosins.
Material and methods

Cell culture and treatment with myosin blockers
The tobacco cell line VBI-0 (Nicotiana tabacum L. cv. Virginia Bright Italia) derived in 1967 from stem pith tissue (Opatrný and Opatrná 1976) was maintained from a stock callus culture on slightly modified Heller (1953) medium, supplemented with 1-naphthylacetic acid (5 M) and 2,4-dichlorophenoxyacetic acid (5 M). Every three weeks cells were subcultivated in a volume of 30 ml of fresh medium in Erlenmeyer flasks to an inoculation density of 1.2 ϫ 10 5 cells per ml. The cell suspensions were maintained in darkness at 25°C on a horizontal shaker at 150 rpm. For morphometric studies 0, 1, 5, or 10 mM BDM (Sigma-Aldrich, Deisenhofen, Federal Republic of Germany) was added at the time of subcultivation. To test whether the inhibition of cell division by BDM was reversible, the cells were first cultivated for two days in the presence of BDM, and after washing the cells once under sterile conditions, they were transferred to a medium that was free of BDM.
Morphometry
Aliquots of cells were taken at various times after inoculation. The cell's viability was determined with the vital dye Trypan Blue (Sigma-Aldrich) and bright-field images were obtained by a digital imaging system (Axiovision; Zeiss, Oberkochen, Federal Republic of Germany). The images were transformed into the TIF format and subjected to quantitative image analysis (Image J; National Institute of Mental Health, Bethesda, Md., U.S.A.) using the perimeter and analyze functions. Cell lengths were then calculated on the basis of the pixels-per-micrometer ratio given by the respective objective. The data were statistically tested at the 95% significance level. The experimental series were run three to five times in independent culture cycles with 100 to 300 individual cell files per data point.
Visualization of the endomembrane system and actin cytoskeleton
For cell-biological studies, cells were isolated during various stages of the culture cycle and treated with higher (30-50 mM BDM) concentrations for 2 h and directly used for the visualization of actin or endomembranes or for differential interference contrast microscopy (Axioskop; Zeiss).
Cells were stained for 5 min with 10 g of rhodamine-G6-chloride (Molecular Probes, Leiden, Netherlands) per ml in Heller medium, washed for 10 min in dye-free medium, and directly observed by epifluorescence microscopy (Axioskop; Zeiss) with a rhodamine filter set (set 15; Zeiss) or confocal laser scanning microscopy with an argonkrypton laser (TCS 4D; Leica, Bensheim, Federal Republic of Germany) with excitation at 568 nm, a beam splitter at 580 nm, and a barrier filter at 590 nm and a line averaging algorithm with 16 individual scans.
Actin microfilaments were visualized by a protocol adapted from Sonobe and Shibaoka (1989) . The cells were pretreated for 30 min in a cross-linker solution of 300 M m-maleimidobenzoyl N-hydroxysuccinimide ester (MBS) (Sigma-Aldrich) in phosphate-buffered saline (PBS) (140 mM NaCl, 2.7 mM KCl, 10 mM K 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4) containing 0.05% (v/v) Triton X-100. After removing the MBS solution and washing with PBS, cells were fixed in 1.8% (w/v) paraformaldehyde in PBS for 60 min. After a further washing step, actin was stained with 33 nM tetramethylrhodamine isothiocyanate-conjugated phalloidin (Molecular Probes) in PBS, and the cells were directly observed by confocal laser scanning microscopy using the same setup as for rhodamine-G6-chloride staining.
Results
BDM blocks cell division in dose-dependent manner
To assess the effect of the myosin inhibitor BDM on cell growth and division, we monitored the length of individual cells and the number of cells in pluricellular files through a culture cycle triggered at day zero by the addition of auxin. Frequency distributions over the number of cells constituting a file (Fig. 1A) show that the frequency of unicellular files is maximal at the time of induction with auxin but decreases progressively to a minimum at day 8. During the second phase of the culture cycle, the frequency of unicellular files gradually recovers to the initial situation. At day 8, the majority of files consists of four or more cells. These files disintegrate subsequently, causing the recovery in the frequency of singular cells. In the presence of 5 mM BDM, this typical sequence of cell division of VBI-0 cells is changed characteristically (Fig. 1B) : At day 4, nearly 70% of the files are still singular, whereas untreated cells have divided repeatedly to form files with 2-4 cells. In addition, the maximal number of cells per file is conspicuously reduced from 10 in the control to 6 or lower in the presence of BDM. Interestingly, the disintegration of cell files is delayed to some extent during the second phase of the culture cycle. Whereas in the absence of BDM, singular cells prevail at the end of the culture cycle at day 20, bicellular or even pluricellular files are still relatively frequent in the presence of BDM.
These effects of BDM on cell division are dose dependent. When the frequency of unicellular files is monitored over time (Fig. 1C) , the decrease between days zero and 8 is only slightly affected by 1 mM BDM, but drastically suppressed by 5 mM BDM. Interestingly, the recovery of unicellular files (due to the disintegration of bi-and pluricellular files at the end of the culture cycle) is already dramatically blocked by 1 mM BDM. The frequency of bicellular files (Fig. 1D) , which are most common at day 4 in the control, remains mostly unchanged during the early phase of the culture when 1 mM BDM is administered, whereas 5 mM causes a clear delay by about 2 days. The most striking effect is seen for the occurrence of pluricellular files (Fig. 1E ): BDM causes a delay in the peak and reduces the amplitude of the division response. Here, 1 mM BDM produces already a significant inhibition that is even further amplified for 5 mM BDM. These data indicate that the first division step producing bicellular files is less sensitive as compared with the subsequent divisions that will produce pluricellular files.
The number of divisions in BDM-treated cultures is significantly lower as compared with the control. A plot of the average number of cells per file over time ( Fig. 2A ) reveals that already for 1 mM BDM the average cell number per file is decreased to about 80% of the control value. A dose-response relation of this effect for the peak of division at day 8 (Fig. 2B) shows a threshold below 1 mM and saturation for 5-10 mM of BDM. For these concentrations, the viability of the dividing cells did not show any differences as compared with control cells (data not shown), demonstrating that the inhibition of cell division by BDM is not caused by unspecific intoxication.
Additional control experiments (Fig. 2C) tested the reversibility of the inhibition by BDM. When the inhibitor was washed out after 2 days, the cell number per file was fully restored and within 4 days reached the value observed in untreated controls.
BDM does not inhibit cell elongation
The cell length was monitored through the culture cycle for different concentrations of BDM (Fig. 3A) . In untreated controls, the cell length dropped continuously to about 30% of the initial value at day 8, when the number of individual cells per file was maximal. Subsequently, the length gradually recovered to the initial value. This drop during the first part of the culture cycle was progressively inhibited by increasing concentrations of BDM. Interestingly, it was converted into an apparent stimulation of cell elongation for the highest concentration used (10 mM). The increase of cell length is also obvious in Fig. 3B , where the average cell length was measured in bicellular files that had undergone one division at day 4 of the culture cycle. The average cell length was found to increase progressively with increasing doses of BDM. Thus, in contrast to its inhibition of cell division, BDM does not impair cell elongation (Fig. 3C) . The apparent increase of cell length does not necessarily mean that cell elongation is stimulated, but it might be caused by the delayed cell division in the BDM-treated cells that would therefore elongate during a longer interval before the cell length is again reduced by the subsequent division. To take this point into account, we calculated how long the cells would be at day 6 under the assumption that there is no cell elongation at all, but only the progressive reduction of cell length in consequence of the ongoing divisions (that can be deduced from Fig. 2A ). We used this value as reference for the cell length that was actually observed. The length increment of the observed value over the calculated reference value (expressed in percent of the reference value) is therefore a measure for the degree of active elongation. When this length increment is plotted over the concentration of BDM (Fig. 3D) , there is no difference between control and BDM-treated samples, even for the highest concentration used. In other words, the increase in cell length in response ) . B The maximal inhibition of BDM was observed at day 8 and was used for the dose-response curve shown. C Reversibility of the BDM effect, when BDM is washed out at day 2 (dotted curve). The time course of untreated controls (solid line) and a parallel experiment in which BDM was not washed out (dashed curve) are shown for comparison to BDM is not caused by a stimulation of elongation per se but is caused by reduced cell division at a simultaneously more or less unchanged rate of elongation -if a cake is cut into less pieces, the pieces will become bigger in size. We therefore arrive at the conclusion that BDM does not affect cell elongation in VBI-0 cells. 
BDM impairs polar growth
VBI-0 cells normally maintain a strict axiality of cell growth parallel to the long axis of the file and a clear polarity of the terminal cell at the tip of the file (Fig. 4A) . BDM causes malformations such as pear-shaped swellings that seem to be caused by a lateral shift of the growth center (Fig. 4B) . The frequency of these malformations is dramatically increased already for 1mM BDM, reaching a saturation level that cannot be exceeded by increasing the concentration (Fig. 4C ).
BDM interferes with cytoplasmic organization and vesicle traffic
The effect of BDM on the cytoplasmic organization was monitored by differential interference contrast microscopy ( Fig. 5A-C) . The prominent cytoplasmic strands emanating from the nucleus of control cells (Fig. 5A ) are replaced within 3 h by vesicular structures that accumulate around the nucleus (Fig. 5B) or are aligned as strings of beads along delicate, filamentous structures (Fig. 5C2, C3 ). Additionally, the cross walls appear to broaden in a diffuse manner and are accompanied by fine lamellate structures (Fig. 5C1) . Visualization of the endomembrane system with rhodamine-G6-chloride shows that the clear radial structure emanating as broad strands from the nuclear envelope in the control (Fig. 5D ) is dissolved into vesiculate clusters conglomerating around the nucleus and, in a seemingly chaotic distribution, throughout the cytoplasm (Fig. 5E) .
BDM disorganizes the actin cytoskeleton
In control cells, more or less longitudinal subcortical bundles of actin coexist with fine, delicate and mostly transverse cortical microfilaments (Fig. 6A) . Treatment with BDM mainly affects the longitudinal subcortical bundles of actin (Fig. 6B2) , whereas the transverse cortical microfilaments are surprisingly persistent (Fig. 6B3) . Under prolonged treatment, this alignment of actin with the axis of the cell is completely lost (Fig. 6C) , and the actin cytoskeleton even dissolves, whereby more or less disorganized remnants persist usually around the perinuclear region (Fig. 6D ) or along the cross walls (Fig. 6E ).
Discussion
Cell division is a sensitive target for BDM
The myosin inhibitor BDM was used to identify cellular events that depend on myosins. Interestingly, the most prominent effect was observed upon division, whereas cell elongation continued. The effects at higher BDM concentrations were alterations of actin organization, inhibition of vesicle traffic, and impaired polarity in the terminal cells. The inhibition of cell division occurred in a dose-dependent manner, was fully reversible (Fig. 2C) , and reached its saturation at 5-10 mM, indicating a comparatively high sensitivity. During in vitro motility assays with myosins, between 20 mM (muscle myosin; Herrmann et al. 1992, Higuchi and Takemori 1989) and 60 mM (lily pollen myosin; Tominaga et al. 2000) had to be used to suppress myosin activity to a residual level of 25%. Thus, along with the swelling of Arabidopsis thaliana roots that can be induced by 10 mM BDM (Baskin and Bivens 1995) , the inhibition of cell division in VBI-0 cells ranges among the most sensitive plant responses to BDM. For instance, 60 mM BDM had to be administered to produce rearrangements of transvacuolar strands in root hairs of Limnobium stoloniferum . The reason for these different sensitivities to BDM to vary considerably by a factor of 5-10 in plants is not understood, but it could be related either to the extent of actomyosin dynamics or to the impact of different myosin classes.
A comparative study on ATPase activities that has been recently published (Ostap 2003) comes to the conclusion that BDM inhibits the ATPase activity of myosin class II from skeletal muscle, whereas others like chicken myosin V and porcine myosin VI remain essentially unaffected in vitro. These findings challenge the use of BDM as a "general" myosin inhibitor. Furthermore, during an extensive study on myosin-dependent processes such as cytoplasmic streaming in Chara corallina, chloroplast movement in Elodea sp., or the formation of Golgi-derived aggregations in response to the fungal toxin Brefeldin A in root cells (McCurdy 1999) , BDM at concentrations up to 20 mM was observed to be not effective. This study proposed that BDM effects reported for plant cells might result from inhibitory effects on calcium channels caused via its chemical phosphatase activity (McCurdy 1999, Sellin and McArdle 1994) . The inhibition of putative voltage-operated L-type calcium channels in the tonoplast as well as in plasma membranes (Johannes et al. 1991) would affect the general homeostasis of calcium and thus, indirectly, myosin activity in addition to numerous other effects (Staiger 2000 , Yokota et al. 1999 . However, the block of cell division by BDM on the back- ground of unaffected elongation would call for a more specific mode of action rather than a general change of calcium levels. In fact, numerous studies have shown effects of BDM on myosins. For instance, by immunofluorescence with antibodies directed to plant myosin VIII, these myosins were shown to be dislocalized after treatment with BDM treatment (Samaj et al. 2000) . Furthermore, it was shown by in vitro sliding tests that myosin isolated from lily pollen tubes is suppressed by BDM in vitro . These and several other studies allow to assume a significant inhibitory effect of the drug at least on some unconventional myosins. Distinct myosins encoded by large gene families in plants could have differential sensitivity to BDM. As discussed by Ostap (2003) , the efficiency of BDM on the ATPase activity of chicken myosin V might depend on whether recombinant or native motor domains were used. In contrast to the recombinant chicken myosin V (Ostap 2003) , native myosin V was previously reported to be BDM sensitive (Cramer and Mitchison 1995). Higher-plant myosin XI, which is the closest plant relative of myosin V and encoded by 13 different genes in Arabidopsis thaliana (Reddy and Day 2001) , was reported to be clearly inhibited by BDM (Tominaga et al. 2003) . Due to the abundance of this myosin class, representing most of the myosins in higher plants (Reddy and Day 2001) , even a minor effect of BDM on class XI might be meaningful.
From the highly divergent tail domains within each myosin class, one can expect differential functions for the individual family members. Our observation that cell division, but not cell elongation, is affected by BDM might indicate that different myosins with different sensitivity to the inhibitor are involved. This cannot be resolved at this stage, however, but would require either in vitro studies with specified individual myosins and/or the use of cell lines in which given myosins are either overexpressed or knocked out.
Structural and motile functions of plant myosins
That BDM interferes with the proper distribution of vesicles in VBI-0 cells is shown in Fig. 1 . Here, the accumulation of vesicles around the nucleus as well as along the cross walls was the earliest change after treatment with BDM at higher concentrations (30-50 mM) in short-term experiments (2-3 h). These vesicle clusters indicate an impaired translocation of vesicles from the cell center to the periphery, consistent with numerous studies that show a block of Golgi and endoplasmic-reticulum traffic as well as of cytoplasmic streaming (Molchan et al. 2002 , Nagai 1979 , Nebenführ et al. 1999 . These altered motile properties can be either a direct consequence of altered myosin motor activity due to the stabilized ADP . P i status caused by BDM (Geeves and Holmes 1999) . Alternatively, BDM could affect myosins more indirectly via signal molecules. For example, BDM has been shown to alter the activity of myosin II light-chain kinase in skeletal muscle (Siegman et al. 1994) . Plant myosins, which can be regulated through calcium/calmodulin (Yokota et al. 1999) , calcium-regulated kinases and phosphatases, have been discussed as targets for the effect of BDM on actin tension and organization (Grabski et al. 1998) .
In addition to the motile function of myosins for vesicle transport, they seem to be essential for the spatial organization of actin microfilaments as seen from the progressive disorganization of the actin cytoskeleton (Fig. 6 ). Similar to most vacuolated cells of higher plants, VBI-0 shows an alignment of subcortical actin bundles with the cell axis (Parthasarathy et al. 1985) . Myosins could be involved in this alignment by interconnecting actin microfilaments among themselves as well as with membranes. When this function is blocked by lowering the affinity between actin and myosin (as in the case of BDM), the alignment of the actin microfilaments with the cell axis would progressively vanish. In fact, the axially aligned microfilament bundles of the subcortex disappeared in parallel with the axially aligned cytoplasmic strands. The localization of a class VIII myosin at plasmodesmata and pit fields indicates a role of myosins for the anchoring of microfilaments at cross walls (Reichelt et al. 1999) . If this anchoring process is BDM sensitive, the alignment of actin microfilaments is expected to disappear after BDM treatment, which has been observed in the present study. These findings suggest that, in addition to their motor function, myosins fulfill a kind of "structural function" for the organization of actin arrays.
However, in VBI-0 the reponse of actin microfilaments to BDM can vary. This is shown by the cortical, transverse microfilaments which are more persistent to BDM than the axially aligned microfilaments (Fig. 6B) . The different response of different actin subpopulations to BDM argues against nonspecific or general effects of BDM. It might moreover indicate that their organization depends on a different mechanism and that other actin-modulating or -cross-linking proteins could be involved which are not influenced by BDM.
The disorganization of actin alignment through an inhibition of myosin function might also be the cause for the malformations observed in the tip-growing terminal cells. The localization of the growth center is correlated with the dynamic organization and polarity of actin in tipgrowing cells (Vidali and Hepler 2001) . When the alignment of these bundles is disturbed, the growth center will shift erroneously to a new location, producing lateral bulges that become manifest as pear-shaped malformations (Fig. 4) .
Inhibition of cell plate formation versus inhibition of auxin signaling
By immunofluorescence, myosins were visualized in callosic cell plates and young cross walls (Chaffey and Barlow 2002, Reichelt et al. 1999) , where they may have important functions for the maturation of cell plates and the adjustment of plasmodesmata (Reichelt et al. 1999) . In Tradescantia virginiana stamen hair cells, treatment with BDM was reported to produce disoriented, oblique cross walls, which is accompanied by a block of cytoplasmic streaming (Molchan et al. 2002) . In the present study, the cross walls are observed to broaden in a diffuse manner accompanied by fine lamellate structures and an accumulation of vesicular structures around the nucleus (Fig. 5) . These findings support a scenario in which BDM would impair cell division by blocking the transport of vesicles delivering components required for cell division. If one would only assume changes in the transport of cellwall-specific components, one would expect comparable inhibitory effects for cell elongation as for cell division because of a general decline of cell wall formation. Since cell expansion still proceeded (Figs.1-3 ), the impaired cell division cannot be just the consequence of a reduced mass flow of vesicles. One can therefore assume that BDM affects pathways which are much more related to cell division than to cell elongation. This is supported by a different line of evidence. Since mitosis and cytokinesis can be uncoupled, impaired cell plate formation would result in polyenergid cells -which was actually observed when VBI-0 cells were treated with caffeine, a blocker of cell plate formation (Holweg, unpubl. results). But polyenergid cells were not observed in the present study. Thus, the high sensitivity of cell division to BDM cannot be explained in terms of impaired cell plate formation, but must be related to events that precede mitosis.
The onset of the first division leading to the bicellular state was delayed by about 2 days in the presence of BDM (Fig.1D) . In the tobacco cell line BY-2, a similar delay of cell division can be produced by auxin starvation (Chen 2001) , indicating that BDM interferes with the proper perception or processing of the auxin signal triggering cell division. One might conceive a situation in which components of auxin signalling are transported by actomyosin to their site of action. In order to ensure a high flexibility and the ability for response habituation, these components would be recycled continuously, such that the block of vesicular transport by BDM would result in a reduced sensitivity to auxin and delayed auxin responses. In fact, a block of vesicle flow by low concentrations of the inhibitor Brefeldin A desensitized the auxin response of maize coleoptiles (Waller et al. 2002) and inhibitors of microfilament assembly interfere with the intracellular movement of a putative auxin efflux carrier, PIN1 (Geldner et al. 2001) . Support for this proposal of a vesicle-driven auxin transport is given in a recent report summarizing data about polar auxin transport to a finally favored "neurotransmitter-like" concept of "vesicle-trafficking-based secretion of auxin" (Baluška et al. 2003) .
When BDM blocks cell division through impairing auxin control of this process, why does it then not inhibit cell expansion? Division and expansion, although both under the control of auxin, can be clearly separated in the tobacco cell culture BY-2, consistent with a model in which two independent auxin receptors trigger independent (but antagonistically cross talking) signalling chains (Chen 2001) . If the signal triggering the cell cycle would be blocked, cell expansion would be stimulated by this antagonistic cross talk. The antagonism between cell expansion and cell division is a peculiar characteristic of auxin signalling that is observed, for instance, during the overexpression of auxin-binding proteins (Jones et al. 1998) .
Outlook
The present study has identified cellular events that are controlled by myosins. These include the maintenance of polarity in the terminal cells as well as the alignment of subcortical actin bundles with the cell axis and the transport of vesicles. Cell division was found to be the most sensitive target for the action of BDM, whereas cell expansion seemed to be much more independent and in suspension cells even continued in the presence of this inhibitor. The inhibition of cell division by BDM cannot be explained by potential effects of BDM on cell plate formation but must reside in the regulatory network that triggers the cell cycle in response to auxin. An attractive possibility might be the actomyosin-based transport of auxin-signaling components that are turned over rapidly.
The findings of this study can now be used as physiological framework to investigate the potential function of individual myosins. This will require the use of specific probes. For this purpose, we generated a collection of fusion constructs that are linked to different myosin classes and can be used in transient-transformation experiments to investigate their localization and cellular function. In addition, class-specific antibodies are generated that can be used to assess changes of localization during auxintriggered cell division.
